Circadian rhythms help organisms adapt to predictable daily changes in their environment. Light resets the phase of the underlying oscillator to maintain the organism in sync with its surroundings. Light also affects the amplitude of overt rhythms. At a critical phase during the night, when phase shifts are maximal, light can reduce rhythm amplitude to nearly zero, whereas in the subjective day, when phase shifts are minimal, it can boost amplitude substantially. To explore the cellular basis for this reciprocal relationship between phase shift and amplitude change, we generated a photoentrainable, cell-based system in mammalian fibroblasts that shares several key features of suprachiasmatic nucleus light entrainment. Upon light stimulation, these cells exhibit calcium/cyclic AMP responsive element-binding (CREB) protein phosphorylation, leading to temporally gated acute induction of the Per2 gene, followed by phase-dependent changes in phase and/or amplitude of the PER2 circadian rhythm. At phases near the PER2 peak, photic stimulation causes little phase shift but enhanced rhythm amplitude. At phases near the PER2 nadir, on the other hand, the same stimuli cause large phase shifts but dampen rhythm amplitude. Real-time monitoring of PER2 oscillations in single cells reveals that changes in both synchrony and amplitude of individual oscillators underlie these phenomena.
C
ircadian oscillators enable organisms to anticipate and synchronize their behavior and physiology to periodic changes in the environment. In mammals, the hypothalamic suprachiasmatic nucleus (SCN) functions as a master circadian pacemaker, coordinating tissue-autonomous oscillators to generate overt rhythms (1, 2) . At the molecular level, circadian rhythms are generated by a transcription-translation feedback loop. In this circuit, the transcriptional activators CLOCK and BMAL1 drive expression of the Cryptochrome 1 (Cry1), Cry2, Period 1 (Per1) and Per2 genes, whose protein products, in turn, repress CLOCK/BMAL1 transcriptional activity (reviewed in ref. 3) . The phase of rhythms in mRNA and protein levels of these repressors, particularly Per2, reflects the phase of the oscillator (4) .
Light entrains the SCN pacemaker, which relays phase information to peripheral oscillators via humoral and synaptic mechanisms. The retinorecipient cells of the SCN receive direct synaptic input from the intrinsically photosensitive retinal ganglion cells (ipRGCs) that express melanopsin. Upon photostimulation, the ipRGCs release neurotransmitters, which act via their cognate receptors to phosphorylate the calcium/cAMPresponsive element-binding protein (CREB). In turn, transcriptionally active phospho-CREB (pCREB) binds to Per1 and Per2 promoter CRE sites and activates transcription, subsequently resetting the phase of the molecular oscillator (reviewed in refs. 5 and 6). Mice bearing a targeted mutation in the CREB phosphorylation site (7) or perturbed Per function (8, 9) exhibit attenuated phase resetting.
The responses of the clock to entrainment cues are gated in a phase-specific manner. Light during the subjective day triggers little Per gene induction and minimal phase shifts, whereas an identical stimulus during the subjective night induces Per transcription and resets the oscillator (10, 11) . Comparable gating is also observed in light-induced electrical responses of SCN neurons (12) . Interestingly, in mammals as well as in other organisms, there is a ''critical phase'' in mid-subjective night when light reduces the amplitude of overt rhythms so severely that arrhythmicity or ''singularity'' results (13) (14) (15) (16) (17) . Conversely, amplitude increase by light pulses at certain circadian phases is also well documented (18, 19) . Under natural seasonal changes in day-lengths, these phenomena may encode photoperiod information in the amplitudes and phases of the SCN oscillators (20, 21) . Existence of this singularity phenomenon in organisms from bacteria to mammals suggests that the mechanism is cell-autonomous. Two mechanisms have been suggested to explain overt amplitude reductions: (i) amplitude damping or (ii) desynchronization of individual oscillators (13, 22) . These hypotheses have never been conclusively tested because of technical challenges and lack of an appropriate cellular system. To test these hypotheses, we generated a light-entrainable, cellbased system in mouse fibroblasts, where phase shifts and amplitude changes can be longitudinally monitored at both cell population and single-cell levels.
Mammalian fibroblasts possess cell-autonomous circadian oscillators (23) that share key properties with SCN neurons (2, 24) . However, because medium change alone can reset the fibroblast clock (25, 26) , it is not possible to use pharmacological agents to precisely manipulate oscillator resetting. Thus, to establish a suitable cellular system, we stably expressed melanopsin in mouse fibroblasts derived from the Per2 Luciferase (Per2 Luc ) knockin mouse (2) . In this system, light can be used as a phase-resetting agent and PER2::LUC bioluminescence levels as an oscillator phase reporter. Light pulses delivered at the peak level of the PER2::LUC bioluminescence rhythm (CT12) produced no phase shifts, but enhanced its amplitude in subsequent days. Similar light pulses at the opposite phase (CT0) produced larger phase shifts but severely damped amplitude. Single-cell bioluminescence measurements revealed that light at CT0 causes both phase desynchronization and amplitude reduction of individual cells, leading to singularity. However, similar light stim-ulation at CT12 synchronizes phases and thereby improves the aggregate amplitude. These results clearly show a reciprocal relationship between amplitude and phase-shift magnitude in clock resetting, which has practical implications for human circadian phase shifts.
Results

Light-Induced Phase Shifts in Melanopsin-Expressing Fibroblasts.
To establish a light-entrainable oscillator, we stably expressed mouse melanopsin (mOpn4) in immortalized fibroblasts derived from the Per2 Luc knockin mouse (2) . Clonal cell lines that stably express mouse melanopsin (Per2 Luc ;mOpn4) exhibited characteristic melanopsin photoresponses (5) [supporting information (SI) Fig. 6 ]. Both Per2 Luc and Per2
Luc ;mOpn4 cell lines exhibited Ϸ24-h bioluminescence rhythms that persisted for at least 5 days (SI Fig. 6 ) with no significant difference in period length.
To determine whether light can phase-shift the Per2 Luc ;mOpn4 cells, culture dishes were either dark-or lighttreated at three different phases: circadian times (CT) 12, 22, and 3, where CT12 corresponds to the peak phase of PER2::LUC rhythms. Light pulses at CT12 produced large transient increases in PER2::LUC levels but had little effect on the phase of the rhythm (Fig. 1A) . In contrast, light pulses at CT22 and CT3 produced much smaller PER2::LUC inductions but substantial phase delays and advances, respectively. Per2 Luc ;mOpn4 cells are highly photosensitive, with as little as 15 sec of light at CT22 and CT3 producing phase shifts of Ϸ4 h. The phase-shift magnitude increased with light-stimulus duration, saturating at 10 min (Fig.  1B) , which was the condition used for the rest of the experiments.
Photostimulation of Per2
Luc ;mOpn4 Cells Triggers pCREB-Mediated Transient Induction of Per2. We tested whether light-activated Per gene induction in the Per2 Luc ;mOpn4 cells involves CREB phosphorylation. Immunoblot analysis of total-cell lysates revealed that pSer-133 CREB level increased within 15 min of light stimulation at CT22 ( Fig. 2A) , CT12, and CT3 (data not shown), which parallels a similar event in the SCN (27) .
Transcriptionally active pCREB binds to cis-acting CRE sites with favorable chromatin modifications. Because Histone H3 acetylation at Lys-9 (H3K9) correlates with transcriptional activation (28), we tested the extent of H3K9 acetylation and pCREB occupancy at the Per2 promoter CRE site by ChIP assays. The levels of H3K9 acetylated histones at the Per2 CRE site increased significantly within 15 min after photostimulation, closely followed by increased pCREB binding ( Fig. 2 B and C) . Subsequently, Per2 mRNA began to increase, peaking 30-60 min after a light pulse and declining afterward (Fig. 2 D-F) . Similar results were obtained for Per1 transcription. As seen with PER2::LUC induction, the increase in Per2 mRNA relative to its prelight pulse level was remarkably higher at CT12 than at CT22 and CT3.
Circadian Modulation of Per Induction. Next, we systematically presented 10-min light pulses to Per2
Luc ;mOpn4 cells at regular intervals over a 24-h period. As observed earlier (Fig. 1 A) , the magnitude of acute induction of PER2::LUC exhibited a clear circadian modulation, with the largest induction at approximately CT12 and minimal induction at approximately CT0 (Fig.  3A) . A similar photic gating phenomenon in the SCN correlates with the gating of CREB phosphorylation (27) .
Light-activated pCREB levels did not exhibit any circadian modulation ( Fig. 3B and SI Fig. 7 ), however, suggesting that, in our fibroblasts, gating may occur downstream of CREB activation. ChIP assays for pCREB after light stimulation at 4-h intervals showed that light at CT15 triggered a dramatic rise in binding of pCREB to the Per2 promoter CRE site (Fig. 3C ). The magnitude of light-induced pCREB binding declined until CT23-CT27 and then recovered as the cycle progressed toward CT11 (or CT35). This correlated with the observed circadian gating of PER2::LUC photoinduction (Fig. 3A) . rhythms (SI Fig. 8 ). The magnitude of the phase shift plotted against the time (phase) of light pulse produced a ''type 0'' phase-response curve (PRC) characterized by large magnitude delays and advances (Fig. 4A) .
Remarkably, the magnitude of the phase shift was inversely correlated with the amplitude of the PER2::LUC rhythm in the days after photostimulation (Fig. 4 B and C) . A light pulse at CT12 produced no significant phase shift but did lead to a significant increase in the amplitude of the PER2::LUC rhythm. A few cultures light-pulsed at approximately CT0 showed a severe reduction in amplitude, which in some cases, reached the point of ''singularity,'' such that the population oscillator appeared to stop.
Phase Shift and Synchronization of Individual Cellular Oscillators. To test whether amplitude modulation results from change in synchrony or amplitudes of individual oscillators, we monitored single cell bioluminescence from Per2
Luc ;mOpn4 fibroblasts (SI Fig. 9 ). After Ͼ30 h of bioluminescence monitoring, the cells were light-stimulated for 10 min at either the peak (CT12) or trough (CT0) of the overall luminescence rhythm (Fig. 5 A-E and SI Table 1 ).
The phases after light pulse plotted against the initial phases ( Fig. 5F ) revealed that light tends to reset the single-cell phases close to CT12. Accordingly, cells that received a light pulse near CT12 showed smaller phase shifts, whereas, with increasing phase distance from CT12, they displayed progressively larger phase shifts to achieve reset to CT12. However, some cells, particularly those near CT0 (or CT24), did not shift completely to CT12, contributing to phase desynchrony.
The extent of postpulse phase coherence depended on the time of light pulse. Based on single-cell phases at the time of light stimulation, cells were binned into six groups of 4-h bin width. The six sets of phase plots (Fig. 5G) illustrate the phase of the cells before (Upper) and after (Lower) light stimulus. In each plot, the direction and length of the mean vector represents the mean phase () and coherence of the cells (r) respectively. In general, the coherence of cells after light pulse (r postpulse ) at CT10-18 was relatively high. The final coherence decreased until it reached a minimum for the CT22-2 group of cells and then increased for later phase groups (Fig. 5G and SI Table 2 ).
In a typical culture, the phases of individual cells at the time of photostimulation were spread over an Ϸ12-h interval (Fig. 5C and SI Table 1 ). When light was presented at CT12, the resultant single-cell phases became more coherent (r prepulse ϭ 0.62, r postpulse ϭ 0.77, see SI Table 1 ). Conversely, light stimulation at the critical phase (CT0) reduced coherence (r prepulse ϭ 0.76, r postpulse ϭ 0.05). Therefore, the oscillator synchrony is a function of both the median phase and the spread of population phase at the time of light pulse.
Amplitude Changes of Individual Cellular Oscillators. We also measured the amplitude of single-cell bioluminescence rhythms before and after a light pulse. Average relative amplitudes for the six 4-h binned groups of cells (described above) exhibited circadian modulation (Fig. 5H) . Cells receiving light stimulation at approximately CT12 did not exhibit any significant improve- ment in amplitude (Fig. 5D) . However, cells that received light stimulation at the trough level of PER2::LUC (CT0) showed significant amplitude reduction (Fig. 5E ) by as much as 40%, which, along with phase desynchronization, can further dampen the aggregate amplitude to the point of singularity.
Discussion
Fibroblasts as a Useful System for Studying Circadian Clock Resetting.
In this study, we have generated a directly light-entrainable, cell-based circadian system (Per2 Luc ;mOpn4 fibroblasts) that allows precise remote perturbation and longitudinal monitoring of circadian oscillators in individual cells. The Per2
Luc cells are ideally suited for measuring both phase and amplitude of unit oscillators because Per2
Luc bioluminescence (i) reports functionally active PER2 protein levels under transcriptional control of the native promoter (2) and (ii) exhibits more stable amplitude compared with a transiently transfected luciferase reporter (26) . Also, clonal derivation of the cell line ensures uniform copy number of the mOpn4 gene in each cell. Thus, Per2
Luc ;mOpn4 cells qualitatively replicate key features of light signaling to the SCN, including dose-dependence of phase shifts, circadian gating of acute Per gene induction, relevant chromatin changes in the Per promoter, and suppression of overt rhythm amplitude to the point of singularity.
Gating of Acute Induction of Per2 Correlates with pCREB Recruitment
to Its Promoter. A conserved feature of most circadian oscillators is the circadian modulation of light responses. During the subjective day, photostimulation does not result in significant pCREB accumulation (7, 27, 29) or Per gene induction in the SCN. Therefore, daytime attenuation of light input may operate upstream of CREB phosphorylation, at the level of glutamate receptor signaling (30) (31) (32) (33) . However, during the mid subjective night, light triggers CREB phosphorylation but fails to induce Per transcription, implying an as yet to be determined inhibitory mechanism downstream of CREB phosphorylation. In Per2
Luc ;mOpn4 fibroblasts, light-induced CREB phosphorylation does not appear to be attenuated during subjective day (Fig. 3B) , consistent with the absence of the receptor-specific gating mechanism described in the SCN (30) , which one would not expect in our fibroblast system. However, despite constant levels of CREB phosphorylation throughout the circadian cycle, these fibroblasts exhibit reduced induction of PER2::LUC at its circadian trough in mid night (Fig. 3A) , which parallels a similar mid-night attenuation in the SCN (11) , and suggests that, in both cases, a mechanism downstream of CREB phosphorylation may operate. Our findings show that reduced levels of pCREB binding at the Per2 promoter CRE site (Fig. 3C ) correlate with reduced Per2 induction and may constitute a mechanism that, if operational in the SCN, can account for mid-night attenuation of Per induction.
Several questions still remain about the mechanism of circadian gating of pCREB recruitment to the Per promoter. Because the CRE site and the BMAL1/CLOCK-targeted E-box of the Per promoter are separated only by a few hundred base pairs (34) , repressors bound to the E-box may sterically hinder pCREB recruitment to the CRE site. Alternatively, circadian regulation of a key CREB-interacting factor may impose circadian rhythmicity in pCREB recruitment to the CRE site.
Reciprocal Relation Between Circadian Phase Shifts and Amplitude
Changes. In mammals, photostimuli generally produce type 1 PRCs characterized by smaller phase shifts (35, 36) of the overt behavioral rhythms. Type 0 PRCs produced by brief, light stimuli are commonly described in bacteria, fungi, and plants, which harbor cell autonomous photopigments. The type 0 PRC found in this study (Fig. 4A ) and others (37) favor a model in which direct activation of a cell autonomous signaling pathway can produce large phase delays and advances in individual mammalian cells, but type 1 PRCs for behavioral phase shifts result from complex intercellular interactions within the SCN.
Light stimuli also affect the amplitude of overt rhythms, which is best illustrated by the singularity phenomenon. This study revealed that an inverse relationship between phase shifts and overall amplitude changes is not restricted to the critical phase (Fig. 4) . Rather, these two responses are reciprocally related throughout the circadian cycle.
Synchronization Among Individual Oscillators Contributes to Overall
Amplitude. To understand the relationships among Per gene induction, phase shifts, and amplitude changes, we monitored the effects of light stimulation on PER2::LUC rhythms in individual cells. For technical reasons (i.e., masking of bioluminescence by the light pulse itself and by phosphorescence induced by the light pulse), we were unable to estimate reliably the magnitude of acute PER2::LUC induction in each cell. Nonetheless, it seems safe to assume that the circadian gating of PER2::LUC induction as shown in Fig. 3A can only be explained by a similar gating phenomenon at the single-cell level.
Near the peak of the overall PER2::LUC rhythm, strong Per induction may bring the PER protein in individual cells to saturating and uniform levels characteristic of CT12. This would give rise to phase synchronization and a robust overall rhythm. Accordingly, daily application of brief light stimuli at CT12 in Per2 Luc ;mOpn4 fibroblasts produced robust PER2::LUC oscillation (SI Fig. 10 ). Light stimulation at other phases may cause submaximal Per induction, which could cause small or large phase shifts toward CT12. Stochastic variation in (i) the prestimulus phases of individual oscillators (Fig. 5C) , and (ii) the magnitude of Per induction and phase shifts (Fig. 5 F and G) can thus generate a greater diversity of poststimulus phases. Consequently, progressively larger phase shifts are associated with reduced aggregate amplitude as one approaches CT0. At this phase of the population rhythm, individual cells are almost equally distributed across the phase-advance and phase-delay portion of the PRC (Fig. 5C) . Therefore, light causes some cells to phase advance and others to phase delay with varying magnitudes. Additionally, a few cells do not show any net phase shift (Fig. 5 C, F and G) . Hence, light at CT0 can disperse the phases of the individual oscillators over a large interval, such that the aggregate amplitude is severely reduced.
Amplitude Changes in Individual Oscillators. A light pulse between CT10 and CT18 produced no significant change in amplitude, whereas the same pulse between CT22 and CT6 damped amplitude by as much as 40% (Fig. 5H) . Given the phase-dependent modulation of amplitude, we cannot rule out the possibility that light could have driven a few cells to the point of singularity, but these events may be too rare to have been observed or to have made a significant contribution to the population-level singularity in our experiments. However, it raises the possibility that, in certain cell types and/or experimental conditions, single oscillator amplitude may drop to the point where no reliable rhythm can be detected. Also, it is likely that the amplitude decreases in individual cells contributed to phase dispersion: as the oscillators pass near the singularity point they can acquire diverse phases and, hence, become highly desynchronized.
A possible molecular explanation for the observed drop in amplitude may lie in a change in balance between synthesis and degradation rates of rhythmic oscillator components, or between activators and repressors of the negative feedback loop. How this altered state can be achieved and sustained over an extended time is a matter for speculation. Yet, establishing such a state in a cell culture oscillator system now offers an entry point to understand the underlying molecular mechanisms.
Phase Shifts, Amplitude Changes, and Their Adaptive Significance. Does the inverse relationship between phase shifts and amplitude changes in fibroblast cultures apply to the coupled oscillator network in the SCN and, consequently, to whole-organism behavior? And what is its potential adaptive significance? Daily exposure to a light/dark cycle synchronizes SCN oscillators and enhances the overall amplitude of rhythmic Per gene expression (18) . Additionally, rhythmic expression of the neuropeptide VIP in phase with Per genes in the SCN reinforces the molecular oscillator (38) . Hence, these periodic external and internal phase-adjusting stimuli help synchronize oscillators and maintain robust rhythms. On the other hand, conditions that dampen the behavioral rhythms, such as abrupt shifts in the light/dark cycle or exposure to constant light, have been shown to desynchronize SCN oscillators (39) (40) (41) . Such interplay between entraining cues and phase distribution of SCN oscillators may also form the basis for encoding photoperiod information (42, 43) . Thus, phase-adjusting stimuli seem to affect the overall synchrony among coupled SCN neurons or among cultured fibroblasts in a qualitatively similar manner.
Single-cell amplitude reduction by photic stimuli at the critical circadian phase has not been directly demonstrated before in mammals. However, the clock ␦19 mutation reduces oscillator amplitude and enhances sensitivity to phase shifting cues (44) . Accordingly, in many organisms, the loss of overt rhythms by a critical-phase light pulse can be reversed even by weak external phase-shifting stimuli (45) . Additionally, in the SCN oscillator network, robustness of damped oscillators can be restored by a few robustly rhythmic oscillators (24) , which may explain the relative difficulty in inducing a prolonged singularity state in mammals. In summary, light-induced phase dispersion coupled with amplitude dampening in response to critical stimuli may offer an adaptive advantage to the animal by sensitizing it to subsequent environmental cues, so that robust rhythms may resume promptly. This phenomenon may offer an approach for therapeutic intervention in human circadian disorders.
